Introduction
Chitinases belong to the class of glycosyl hydrolases (GHs) that degrade chitin, an abundant natural polysaccharide, by cleaving the -(1,4) linkages of its N-acetylglucosamine (NAG) chain (Gooday, 1990) . Chitinases can be subdivided into two families, family 18 (GH18) and family 19 (GH19), that differ in structure and mechanism (Henrissat & Davies, 1997) . GH18 chitinases have been identified in many organisms varying from lower organisms to humans. Interestingly, chitinases fulfill diverse functional roles in different species. While they ensure carbon and nitrogen sources by degrading chitin in bacteria, they are involved in growth and morphogenesis in fungi and insects. Furthermore, chitinases have been shown to perform a protective role against chitin-containing pathogens in plants and mammals.
In the past decade, several crystal structures of GH18 chitinases have been solved. According to these structures, the catalytic domains of this enzyme family consist of an (/) 8 TIM-barrel fold, with a high degree of conservation in their active-site cleft composed of aromatic residues that contribute to substrate binding (van Aalten et al., 2000; Perrakis et al., 1994; Fusetti et al., 2002; Olland et al., 2009; Yang et al., 2010; Terwisscha van Scheltinga et al., 1996) . The cleavage of the chitin polymer takes place between subsites À1 and +1. The catalytic triad is positioned at subsite À1, which is located at the bottom of the substrate-binding cleft. The highly conserved motif (DXDXE) that characterizes the GH18 chitinases (van Aalten et al., 2001) includes the catalytic triad, which consists of two aspartates and a glutamate. The glutamate of this motif has been identified as the key catalytic acid/ base residue, which is presumed to be protonated on the outer O atom of its side chain. In general, the majority of GH18 apoform crystal structures have shown the middle aspartate to form a short hydrogen bond to the first aspartate (conformation A). However, it has been reported that in the presence of the substrate the middle aspartate turns towards the catalytic glutamate and forms a hydrogen bond to this glutamate (conformation B) (van Aalten et al., 2000) . In addition to its participation in catalysis, the middle aspartate has been reported to assist in stabilization of the conformation of the substrate subsequent to its binding (Fusetti et al., 2002; Olland et al., 2009; van Aalten et al., 2000; Songsiriritthigul et al., 2008) .
Regarding the enzymatic mechanism, GH18 chitinases are considered to be retaining enzymes, which implies the retention of the initial anomeric carbon configuration in the hydrolysis product (White & Rose, 1997; Davies & Henrissat, 1995) . Previous studies have proposed that the binding of the substrate generates a distortion of the À1 NAG subunit into a boat conformation preceding the formation of the noncovalent oxazolinium-ion intermediate. The acetamido group of the À1 distorted sugar performs the nucleophilic attack, enabling the formation of this intermediate ion, i.e. the socalled substrate-assisted mechanism (Brameld & Goddard, 1998; Tews et al., 1997) . Simultaneously with the nucleophilic attack, the catalytic glutamate protonates the glycosidic O atom located between the À1 and +1 NAGs, which leads to the cleavage of chitin (van Aalten et al., 2001; Suginta & Sritho, 2012) .
In addition to the hydrolysis reaction, many chitinases, including human chitinases, show a distinctive property consisting of the capacity to shift the activity from hydrolysis to transglycosylation (TG) in the presence of excess substrate concentrations. In TG, the enzymes catalyze the formation of glycosidic bonds between donor and acceptor sugar units, which leads to repolymerization of the substrate (Zakariassen et al., 2011) . However, the precise mechanism of this reaction is not yet clearly understood.
By combining X-ray data, biochemical experiments and computational calculations, extensive efforts have been devoted to elucidating the structure-function relationship, including the features of substrate binding, in GH18 chitinases.
Despite these efforts, the detailed structural mechanistic basis is not fully understood and many aspects remain controversial. Indeed, the protonation pattern of the catalytic site and the proton pathway during the enzymatic reaction have not yet been elucidated. To determine the protonation states of the catalytic site, it is necessary to obtain crystals of better quality to achieve a sufficiently high resolution (1 Å or better) .
In this study, we investigated the catalytic domain of the human chitotriosidase (CHIT1) as a model to probe the mode of action of the GH18 chitinases. This enzyme is one of two active chitinases that have been identified in humans and have been reported to be involved in the innate immune response as well as being a biomarker of Gaucher disease (Hollak et al., 1994) . Further to its hydrolysis activity, it shows a high transglycosylation rate, which is a widespread phenomenon in GH18 chitinases (Aguilera et al., 2003) . In 2002, the first X-ray crystal structure of CHIT1 (PDB entry 1guv) was determined at 2.35 Å resolution by Fusetti and coworkers (Fusetti et al., 2002) ; subsequently, Rao and coworkers obtained a structure of CHIT1 in complex with the inhibitor argifin at 1.65 Å resolution (PDB entry 1waw; Rao et al., 2005) . These structures showed that this enzyme shares the TIM-barrel threedimensional folding of GH18 chitinases, with the conserved catalytic motif (DXDXE) located in the active site (Fusetti et al., 2002) . However, more detailed information is still required for a full explanation of proton-translocation processes. Thus, in order to extend our knowledge regarding the catalytic properties, we obtained new X-ray data to resolutions of between 0.95 and 1.10 Å for CHIT1 in apo and pseudo-apo forms and in complex with chitobiose, an N-acetylglucosamine (NAG) dimer. Our crystal structures reveal the detailed internal organization of the active-site residues as well as their interactions with chitobiose and allow us to investigate the protonation state of the catalytic triad. Quantum-mechanics calculations further supplemented our crystallographic findings, confirming the observed protonation states of the catalytic triad and providing novel insights into the proton pathway during the hydrolytic reaction.
Materials and methods

Cloning, expression and purification
The full-length human chitotriosidase CHIT1 gene was used as a template to generate the construct corresponding to the catalytic domain (residues 1-386; CHIT1) by the polymerase chain reaction (PCR) using the following primers (Sigma): 5 0 -AATTCAAGCTTGCCACCATGGTGCGGTCTGTGG-3 0 (N-terminal derived sense primer) and two antisense primers to generate the 3 0 end encoding Ser386 with an additional thrombin site and a His tag, 5 0 -GTGATGGTGATGGTG-GTGAGAACCGCGTGGCACCAGACTCAGTTCCTGCC-GTAGC-3 0 and 5 0 -ATTATCGCGATACTAGTCTCGAGT-CATTAGTGATGGTGATGGTGGTG-3 0 . The PCR product was cloned into the pHL expression vector (Aricescu et al., 2006) . CHIT1 was transiently expressed in adherent HEK293T cells grown in roller bottles as described by Zhao et research papers al. (2011) . After dialysis against 25 mM phosphate-buffered saline (PBS) pH 8.0 at 4 C, the secreted protein was purified from the medium using an immobilized metal-affinity chromatography (IMAC) batch procedure. CHIT1 was further purified by size-exclusion chromatography on a Superdex 200 16/60 (GE Healthcare) column in 10 mM HEPES, 150 mM NaCl pH 7.5. The protein purity was assessed by SDS-PAGE followed by Coomassie Brilliant Blue staining (Laemmli, 1970) . The enzyme concentration was determined from the absorption at 280 nm using an UV NanoDrop 1000 spectrophotometer (Thermo Scientific). The molar extinction coefficient was calculated as 73 590 M À1 cm À1 using the ProtParam tool on the ExPasy server (Gasteiger et al., 2005) .
Enzyme-activity measurements
The enzymatic activity was determined using commercial synthetic fluorogenic substrates (Hollak et al., 1994) . Briefly, 0.25 nM CHIT1 was incubated at 37 C with various concentrations (0-200 mM) of the substrate 4-methylumbelliferyl -N,N 0 ,N 00 -triacetylchitotrioside (4-MU-NAG 3 ; Sigma). The assays were performed in 100 mM phosphate-citrate buffer pH 5.6 containing 1 mg ml À1 bovine serum albumin. After 30 min, the assay was stopped by the addition of 100 ml 0.3 M glycine-NaOH pH 10.3. The product 4-methylumbelliferone was quantified using a microplate fluorometer (excitation at 360 nm/emission at 440 nm).
Crystallization and data collection
For crystallization of the apo form of CHIT1, the protein was concentrated to 9 mg ml À1 in 10 mM HEPES, 150 mM NaCl pH 7.5 buffer and crystals were grown by the hangingdrop vapour-diffusion method at 17 C by mixing 1.5 ml protein solution with an equal volume of reservoir solution containing a low concentration of micro-seeds. The crystals reached maximum dimensions of 1 Â 0.14 Â 0.10 mm after 4-6 d of equilibration against 500 ml reservoir solution consisting of 24-26%(w/v) polyethylene glycol (PEG) 3350, 0.2 M potassium sodium tartrate (PST) at pH 7.2.
The pseudo-apo crystal form was obtained after failing to co-crystallize the protein with chitin (chitin from shrimp shells; Sigma). A saturated stock solution of chitin was prepared in DMSO and dissolved in the reservoir solution (also containing a low concentration of micro-seeds), which was added to the drop. The X-ray data obtained from this crystal were collected at 0.95 Å resolution but chitin was not observed; this structure was therefore considered to be a pseudo-apo form.
Crystals containing the artificial substrate 4-MU-NAG 3 (Sigma) were obtained in the same crystallization condition as Table 1 Data-collection and refinement statistics for CHIT1. the apo form of CHIT1 combined with micro-seeding by mixing 1.5 ml protein solution with an equal volume of reservoir solution containing a range of final concentrations of 4-MU-NAG 3 of between 0.3 and 2.5 mM. Hydrolysis of the substrate occurred in the drop; therefore, a crystal of CHIT1 complexed with only two N-acetylglucosamine monomers, i.e. chitobiose, appeared after 10-30 d. All of the crystals obtained of the apo form, the pseudo-apo form or the complex with chitobiose were cryocooled in liquid nitrogen using a solution containing 35% PEG 3350, 0.2 M PST. X-ray diffraction data were collected on the X06DA (PXIII) beamline of the Swiss Light Source (SLS), Villigen, Switzerland. All data sets were integrated, merged and scaled using HKL-2000 (Otwinowski & Minor, 1997) . The structures were solved by molecular replacement with Phaser (McCoy et al., 2007) using the coordinates of the native structure of the same protein as an initial search model (PDB entry 1guv; Fusetti et al., 2002) . The model was improved by alternating cycles of manual model building using Coot (Emsley et al., 2010) with refinement using REFMAC5 (Murshudov et al., 2011) and using PHENIX . The stereochemical quality of the final model was assessed with MolProbity (Chen et al., 2010) . To determine the protonation states of some of the polar residues in the active site, an additional refinement with removed stereochemical restraints for the relevant C-O bond lengths was performed using SHELXL full-matrix leastsquares refinement (Sheldrick, 2008) . The protonation states were determined by measuring and analyzing the C-O bond lengths. Generally, neutral carboxyls have unequal lengths of around 1.21 and 1.32 Å for the C O and C-OH bonds, respectively. In contrast, negatively charged carboxyls are expected to have identical C-O bond lengths of around 1.26 Å (Erskine et al., 2003; Howard et al., 2004) . Structural figures were prepared using PyMOL (http://www.pymol.org). A summary of the data-collection and structure-refinement statistics is given in Table 1 .
Quantum mechanics/molecular mechanics (QM/MM) calculations
For combined QM/X-ray refinement we used the program QMRx based on the general-purpose DYNGA driver (Parker et al., 2003) . This program is similar to other available codes capable of hybrid QM/X-ray refinement, such as ChemShell (Metz et al., 2014) , ComQum (Ryde et al., 2002) and DivCon in PHENIX (Borbulevych et al., 2014) . By using QMRx, we performed the QM calculations via the PM7 Hamiltonian (Borbulevych et al., 2014; Stewart, 2009 ). The accuracy of PM7 has been discussed in the literature in great detail (Stewart, 2013) . We use the MOZYME (Stewart, 2009 ) implementation of PM7 as available in MOPAC2012. In our calculations, we address the charge assignments in two significant ways: by drastically increasing the QM integral cutoffs and by introducing a dielectric screening function as recommended in the literature (Andersson et al., 2013) . The effect of these additions is a more accurate description of the system but at the cost of a large increase in the total CPU time, limiting the total number of conformations that can be explored in a reasonable amount of time. To compensate for this high computational cost the QM integral cutoff was varied, following MOPAC software recommendations, from CUTOFF = 6.0 for GNORM = 20 to CUTOFF = 12.0 for GNORM = 1.0 in four steps. For the X-ray section QMRx either uses XPLOR-NIH (Wick et al., 2014) or SHELX as a slave program to obtain the firstorder derivatives of the X-ray restraint function. Mixing of the QM and X-ray restraints was performed using the standard protocols as described in the literature (Metz et al., 2014; Ryde et al., 2002; Yu et al., 2006; Falklö f et al., 2012) . The procedure uses the standard approach for constraint weight evaluation as described in MM/X-ray methods for the evaluation of the restraint (Brü nger & Rice, 1997) , albeit applied to smaller random regions of the structure owing to the much larger computational cost for the QM calculation. The restraint weight factor in our case was confined to the range 0.2-0.3. The convergence during optimization was monitored by following the norm of the total gradient (ng) until we achieved ng < 1.25. The procedure applied to proton transfer has been described in the literature (see, for example, tutorial A10 at http://ambermd.org/tutorials/) and requires the active coordinates to be expressed in internal coordinates, for which the BABEL program was used. 20 trajectories (200 ps each) using QM/MD calculations were performed for every transition (I-IV) using the DYNGA program as previously described (Parker et al., 2003) and using Gaussian03 as a slave program (Foresman & Frisch, 1996) . Residues Tyr27, Asp136, Asp138, Glu140 and Tyr141 and the chitobiose appear as observed in the structures of CHIT1 in complex with chitobiose. Note that the total number of atoms needs to be constant; therefore, this motif is present in all calculations. All of the water molecules in direct contact with these residues and pointing towards the reaction centre were included. Calculations were performed using the PBEPBE1 Hamiltonian as implemented in Gaus-sian03 and the 6-31G* atomic basis sets (Frisch et al., 1998) for all calculations. The step of integration was 0.2 fs with T = 298 K using a Nose thermostat as implemented in DYNGA.
Results and discussion
In this study, we present a detailed structural and mechanistic analysis of the CHIT1 catalytic domain based on several X-ray crystal structures at atomic resolution. To the best of our knowledge, this is the first report in which a GH18 chitinase member has been studied at such a resolution. This family, which is structurally characterized by a conserved threedimensional fold consisting of an (/) 8 TIM barrel, does not show a particularly high sequence similarity (the average pairwise identity is 21%; http://www.sanger.ac.uk/Software/ Pfam; Synstad et al., 2004) . Nonetheless, the catalytic triad with the DXDXE signature is fully conserved in all active GH18 chitinases (Bussink et al., 2007) . Accordingly, CHIT1 is a reliable model to understand the detailed structural basis of the catalytic mechanism of GH18 chitinases. Our work has focused on studying the geometry changes within the catalytic triad of CHIT1 during different stages of enzyme catalysis.
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Additionally, extensive analyses were applied to combine the observed geometric shifts with the repercussive protonationstate modifications within the side chains of the main residues in the catalytic site. Consequently, correlations between the geometric rearrangements and the proton translocations have been established.
Atomic resolution structures of the catalytic domain of CHIT1 reveal a double conformation of key catalytic residues
The previously reported crystal structures of CHIT1 in the apo form (PDB entry 1guv) or in complex with chitobiose (PDB entry 1lg1) determined by Fusetti et al. (2002) showed the catalytic domain at 2.35 and 2.78 Å resolution, respectively. Even in the presence of an inhibitor, the highest resolution obtained was 1.65 Å (in complex with the inhibitor argifin; PDB entry 1waw; Rao et al., 2005) . Since our aim was to perform detailed structural mechanistic studies and protonation-state analysis, we needed to improve the resolution of these structures to subatomic resolution. We therefore set up new crystallization conditions combined with microseeding, which allowed us to obtain crystals of CHIT1 with higher diffraction quality extending to approximately 1.0 Å resolution (x2.3).
As expected, the final models of both the apo and pseudoapo forms of CHIT1 comprised 365 amino acids with 2-3 additional residues observed belonging to the thrombin site. The His tag did not appear and is presumed to be disordered. The overall tertiary structure, determined at 0.95 Å resolution for the pseudo-apo form and at 1.0 Å resolution for the apo form, is a TIM barrel and resembles that previously determined at 2.35 Å resolution (Fusetti et al., 2002) . Increasing the resolution of the apo form of CHIT1 allowed us to gain further insight into the structural features of the catalytic groove and of the active site, in particular concerning its flexibility. Interestingly, at this resolution several residues in the active site are detected in multiple conformations; in particular, the residues of the catalytic triad (D 1 XD 2 XE) adopt double conformations (Figs. 1a and 2a). In contrast, at 2.35 Å resolution (PDB entry 1guv) the multiple conformations of many of these residues were unresolved. In the 1.0 Å resolution apo structure the catalytic glutamate shows a double conformation: Glu140-confA, a slightly rotated nonplanar rotamer (16% occupancy), and Glu140-confB, a major planar rotamer (84% occupancy) ( Figs. 1a and 1b ). In addition, the middle aspartate (Asp138) adopts two conformations (Figs. 1a, 1c, 1d and 1e). Asp138-confA is oriented towards Asp136 (45% occupancy) and forms a short hydrogen bond to it (2.55 Å ), suggesting the presence of a low- barrier hydrogen bond (LBHB; Figs. 1d and 1e ). Asp138-confB (55% occupancy) is flipped towards Glu140, to which it forms a short hydrogen bond (2.57 Å , again suggesting an LBHB), stabilizing its conformation ( Fig. 1e ). Thus, Asp138-confA is linked to Asp136, while Asp138-confB is linked to Glu140-confB ( Figs. 1d and 1e ). Moreover, the outer O atom of Glu140-confA forms a hydrogen bond to conformation A of the water molecule W429 (W429-A, 49% occupancy). A second water molecule with 51% occupancy appears 1.57 Å from W429-A. Since it is not possible to have two water molecules at such a short distance, we can hypothesize that W429-A is displaced by 1.57 Å and thereby most likely adopts a second conformation (W429-B, 51% occupancy; Figs. 1d and 1e). This slight positional shift of water molecule 429 between conformations A and B is consistent with the presumed movement of residue Glu140, with which it is in contact.
During our analysis, we compared the overall occupancy distributions between the residues of the catalytic triad and the surrounding water molecules. Indeed, Glu140 seemed to be practically unaffected by the conformational changes of Asp138. This can be explained by the presence of a second water molecule which occupies the same position as Asp138-confB (W214-A, 40% occupancy; Fig. 1c ). Interestingly, W214-B (60% occupancy) is interacting with Glu140-confB, which will occur only when Asp138-confB is interacting with Glu140-confB. On the other hand, when Asp138, i.e. Asp138-confA, is flipped towards Asp136, W214-B might move from this frontal position to the location occupied by the inner O atom of Asp138-confB ( Figs. 1d and 1e) .
It is worth noting that Asp138-confB was not detected in the previously published 2.35 Å resolution apo structure and the corresponding lower resolution density was modelled as a water molecule. It was then considered that the catalytic triad adopted only one stable state (corresponding to Asp138-confA, Glu140-confA and W214-A in our 1.0 Å resolution apo structure). In contrast, our data suggest the existence of a dynamic equilibrium of the catalytic triad in the apo form. Note also that the conformation of Asp136 remains unchanged because it is stabilized by hydrogen bonds to Tyr27 and Ser181 (Figs. 1d and 1e). When Asp138 turns towards Asp136, W214 moves down and mimics the position of the inner O atom of Asp138, forming a hydrogen bond to the inner O atom of the Glu140 side chain. Simultaneously, W429 stabilizes the outer O atom of Glu140 (Fig. 1d ). Simply put, the position and the reorganization of water molecules occurring in coordination with Asp138 flipping limits the flexibility of Glu140, which explains the dominant planar conformation.
In most of the apo structures of GH18 members only a single conformation of the middle aspartate (Asp 2 ) is observed. This is mainly owing to limitations owing to resolutions of lower than 2 Å and to the use of molecules such as glycerol or ethylene glycol in the cryosolution, which are capable of interacting with the catalytic glutamate (Yang et al., 2010; Fusetti et al., 2002) . Interestingly, an Asp 2 double conformation has been described before in other apo structures of GH18 members, such as ChiA from Serratia marcescens structure of the mutant archaeal chitinase complexed with NAG 4 (PDB entry 3a4x), in which Asp 2 was substituted by an alanine, showed an altered conformation of the catalytic glutamate. This resulted in its displacement by 5 Å away from the scissile O atom of the glycosidic bond (Bokma et al., 2002) .
Altogether, this behaviour of Asp 2 seems to be a conserved feature of this residue in GH18 chitinases and reinforces the idea that these flipping conformational changes could be essential to stabilize the catalytic glutamate in the apo form. This geometric stabilization could in fact maintain a favourable conformation for substrate cleavage.
3.2. The protonation states of the catalytic triad residues of the apo form of CHIT1 provide insight into the hydrolysis mechanism
To gain insight into the physicochemical properties of the catalytic triad in CHIT1, we decided to investigate its protonation pattern in the apo form. Usually, ultrahigh-resolution X-ray crystal structures have the potential to reveal exact H-atom positions (Afonine et al., 2010) or alternatively to measure and analyze the C-O bond lengths (Ahmed et al., 2007; Coates et al., 2008; Adachi et al., 2009) . The advantage of the latter approach is that it avoids the technical difficulty of locating H atoms in weak electron density. C-O bond lengths can be determined by performing a supplementary refinement with no stereochemical restraints using SHELXL (Sheldrick, 2008) . This refinement optimizes the carboxyl bond lengths according to the diffraction data. However, in the case of our apo structure at 1.0 Å resolution, this strategy turned out to be insufficient. Indeed, our data correspond to a snapshot which reflects two states of the catalytic triad with Asp138 and Glu140 adopting partial conformations. Therefore, the measured carboxyl bond lengths of Glu140 and Asp136 represent an average of the two states and do not reflect the situation in one of the two conformations. Moreover, the standard average error for the carboxyl bond length of Asp138 in each conformation A is relatively high (0.035 Å ).
Unexpectedly, when we attempted to co-crystallize CHIT1 with crystalline chitin, we improved the resolution to 0.95 Å but we did not find any electron density corresponding to such a polymer in the structure; therefore, we consider it as a pseudo-apo form. Crystalline chitin is known not to interact with the catalytic domain in the absence of the chitin-binding domain (Tjoelker et al., 2000) , as is the case here. This structure shows Asp138-confB as the dominant conformation (80% occupancy) as well as Glu140-confB (90% occupancy) ( Fig.  2a) . Moreover, the organization of the water-molecule network in the catalytic groove was closely similar to the 1.0 Å resolution apo structure, with the exception that water molecules W214 and W429 showed only one conformation (for the sake of clarity regarding the residue conformations, we will call them B), consistent with a predominant Asp138-confB. We then employed the 0.95 Å resolution pseudo-apo structure as an improved model for analyzing the protonation pattern of the catalytic triad through the C-O bond-length measure.
Following refinement in phenix.refine (Afonine et al., 2012) , the 0.95 Å resolution pseudo-apo structure was refined by SHELXL using full-matrix least-squares refinement (Sheldrick, 2008) with removed stereochemical restraints on the carboxyl moieties of all glutamate and aspartate residues. Our results show that for the Asp136 inner O atom the C-O 1 bond was refined to 1.26 AE 0.02 Å , while for the outer O atom O 2 the C-O 2 bond was refined to 1.29 AE 0.02 Å , suggesting partial protonation of this O 2 . In parallel, the phenol O atom of Tyr27 reveals a C-O bond of 1.35 AE 0.02 Å , suggesting also partial to total protonation of the hydroxyl of Tyr27 (Figs. 2b  and 2c ). Taken together and since Tyr27 and Asp136 make a short hydrogen bond (2.60 Å ), these data suggest that these two residues share a proton within an LBHB (Figs. 2b and 2c ). in total energy to the initial structure and an energy gap could not be properly evaluated (there was at least one point near the minima with similar energy to the starting point a). The barriers for the rotation of Asp138 and Glu140 from a single 500 ps trajectory are shown in red. The barriers are much higher than in any of the other processes explored. Note that owing to the limitations of the steered dynamics approach, the barriers computed should be considered to be an upper limit and not an accurate value for the process. The QM model explored suggests that the process-limiting step is the rotation of the carboxylate groups (Asp138 and Glu140) and not the actual proton-transport steps.
To further validate our results, QM/MM was performed with the 0.95 Å pseudo-apo structure. The aforementioned interpretation was also supported and expanded by the QM/MM calculations, which showed a low barrier energy for proton sharing between these two residues (see Fig. 3 and Supplementary Movie S1), where the intermediate point b (Fig. 3) is very close in total energy to the initial structure and an energy gap could not be properly evaluated (there was at least one point near the minima with a similar energy to the starting point a).
In the case of Asp138-confB the C-O 2 bond displayed a bond length of 1.22 AE 0.02 Å , indicating that it is deprotonated, while the C-O 1 bond of Asp138-confB was refined to 1.27 AE 0.02 Å , indicating that it is partially protonated (Figs. 2b and 2c ). In parallel, the C-O "1 bond of the dominant conformation Glu140-confB was refined to 1.23 AE 0.02 Å , while the C-O "2 bond showed a bond length of 1.30 AE 0.02 Å . The carboxylate bond lengths between Glu140 and Asp138 are consistent with the presence of a short LBHB of 2.49 Å between these two residues and underline the surprising finding that the outer O atom is not protonated in the apo form when Asp138 flips towards Glu140. In fact, the values obtained led us to conclude that the inner O atom of Asp138-confB (O 1 ) shares a proton with the inner O atom of Glu140 (O "2 ), where the affinities of these two residues for the proton are closely similar. In this regard, a round electron-density signal appears between Asp138-confB and Glu140-confB, which may correspond to this shared proton (Fig. 2d) .
Furthermore, the QM/MM calculations confirm the X-ray observations and also indicate that a proton is shared between O 1 of Asp138-confB and O "2 of Glu140-confB in the apo form of CHIT1 (see Figs. 3a and 3b and Supplementary Movie S1).
To investigate the protonation state of the catalytic triad when Asp138-confB flips to Asp138-confA, we based our study on data from QM/MM calculations. This is because in the 0.95 Å resolution pseudo-apo structure Asp138-confA has an occupancy of 20%, which is not sufficient to make an accurate bond-length analysis as the standard errors are high (see Table 2 ). Interestingly, QM/MM calculations revealed that when Asp138-confA forms an LBHB to Asp136, there is a proton-sharing phenomenon between Tyr27, Asp136 and Asp138. Moreover, in this conformation the outer O atom of Glu140 O "1 stays deprotonated and the inner O atom O "2 forms a hydrogen bond to water molecule W214-A as shown in Fig. 1(d) for the apo structure at 1.0 Å resolution. Combining the X-ray and QM/MM data from both structures (apo and pseudo-apo), we propose that CHIT1 possesses an unusual system to 'stock' the proton before hydrolysis. This system involves at least four residues (Tyr27, Asp136, Asp138 and Glu140), in which Asp138, by flipping constantly, swings the proton to each side of the catalytic site from Asp136 to Glu140. Remarkably, our finding reveals that in contrast to the previously reported data (van Aalten et al., 2001; Papanikolau et al., 2001; Fusetti et al., 2002; Jitonnom et al., 2011 Jitonnom et al., , 2014 , the apo form of CHIT1 maintains the outer O atom O "1 of Glu140, which is supposed to donate the proton to cleave the glycosidic bond, deprotonated. Taken together, our data questions the previously published model of the hydrolysis mechanism (van Aalten et al., 2001) as well as the proposed transglycosylation model (Zakariassen et al., 2011) .
Atomic resolution structures of the catalytic domain of CHIT1 in complex with chitobiose provide insight into the catalytic mechanism
Studies of the complex of CHIT1 with a substrate were conducted to determine how the catalytic residue Glu140 could protonate the O atom of the scissile glycosidic bond. The limiting step for comparison with the apo CHIT1 structure was again to obtain a resolution of 1.0 Å or better. As the soaking experiments were destabilizing the crystals, resulting in the loss of high-resolution diffraction (data not shown), we conducted co-crystallization experiments of CHIT1 with different concentrations of the synthetic substrate 4-MU-NAG 3 . Fortunately, we succeeded in developing a robust protocol to co-crystallize CHIT1 with 4-MU-NAG 3 by means of micro-seeding. This methodology allowed us to control crystal growth and obtain high-quality crystals that diffracted to atomic resolution. Effectively, co-crystals with 4-MU-NAG 3 at concentrations of 0.3, 1 and 2.5 mM reached X-ray data resolutions of 1.10, 1.05 and 1.10 Å , respectively (Table 1 and Fig. 4) .
However, all of the structures (solved by molecular replacement using the apo structure as an initial model) revealed CHIT1 complexed to a dimer of N-acetylglucosamine (chitobiose) located in the À1 and À2 subsites. This indicates that hydrolysis occurred in the drop and thus allows us to analyze the post-hydrolysis three-dimensional structure of CHIT1. All of our 2mF o À F c electron-density maps of the three structures show the À2 NAG in a chair conformation, while the À1 NAG adopts a boat conformation (Fig. 4b) , which disagrees with the previously published structure of CHIT1-chitobiose at 2.78 Å resolution in which the À1 NAG was modelled in a chair conformation (PDB entry 1lg1; Fusetti et al., 2002) . Most probably, the low resolution of this structure impeded clear determination of the À1 NAG configuration and could thus explain this disagreement. Moreover, the boat conformation of the À1 NAG observed in our structures is consistent with the substrate-distortion event described in other GH18 chitinases and reported to be required for the substrate-assisted mechanism in this enzyme family (Brameld & Goddard, 1998; Songsiriritthigul et al., 2008; van Aalten et al., 2001) .
Interestingly, on comparing the three structures, our data indicate a gradual increase in chitobiose occupancies in the catalytic groove consistent with the augmentation of substrate in the drop. As a result, the occupancy of chitobiose was refined to 50, 69 and 80% for the structures obtained at 0.3, 1 and 2.5 mM substrate concentrations, respectively (Fig. 4b) .
Remarkably, in the condition with the lowest substrate concentration (0.3 mM) and occupancy (50%) we noticed that the occupancy of Glu140-confA, which is minimal (16%) in the apo form, significantly increases to 41%, becoming closer to the occupancy of the Glu140 planar conformation (Glu140-confB) (Figs. 4a and 4b ). In the same condition, Asp138 also shows a quasi-equal occupancy of conformations A (55%) and B (45%) (Fig. 4c) . Notably, by supplementing the substrate amount in the drop the occupancy of chitobiose in the binding site gradually increases (69% in the structure with 1 mM substrate concentration and 80% in the structure with 2.5 mM substrate concentration). This augmentation was also accompanied by higher occupancies of Glu140-confB (71 and 100% in the structures with 1 and 2.5 mM substrate concentration, respectively) and Asp138-confB (70 and 89% in the structures with 1 and 2.5 mM substrate concentration, respectively), as well as a decrease in the slightly rotated nonplanar conformation of Glu140 (Glu140-confA; 29 and 0% in the structures with 1 and 2.5 mM substrate concentration, respectively) ( Fig. 4c) . On one hand, this confirms the previously reported data indicating that the presence of the substrate induces the rotation of Asp138 towards Glu140 (van Aalten et al., 2000) . On the other hand, our observations reveal for the first time two clear conformations of Glu140 in the presence of a hydrolyzable substrate, one planar and one rotated, indicating that such movement occurs (Fig. 4a ). This observation prompted us to believe that we have detected at least two states of the enzyme. In the state where the planar conformation is adopted by Glu140 (Glu140-confB), this conformation is stabilized by hydrogen-bond contacts provided via the chitobiose on the outer side (O "1 ) and Asp138-confB on the inner side (O "2 ) (Fig. 4e) . In contrast, it seems that in conformation A of our CHIT1-chitobiose structures, in which there is no stable interaction with the catalytic triad, Glu140 displays a rotated conformation (Glu140-confA; Fig. 4a ). This idea is reinforced by the fact that when the occupancy of chitobiose increases the occupancy of the rotated conformation of Glu140 decreases until it becomes negligible in the cocrystal grown at 2.5 mM substrate.
Regarding substrate recognition and binding, Songsiriritthigul et al. (2008) have reported that the chito-oligosaccharide chain is in a linear form during the initial step of substrate recognition. In the next step, the substrate chain performs a bending step leading to distortion of the À1 NAG to a boat conformation (Songsiriritthigul et al., 2008) . According to Songsiriritthigul and coworkers, the bending is accompanied by a twist of the glycosidic bond to make it accessible to cleavage by the catalytic glutamate. Consistent with their report, in our structures with 0.3 and 1 mM substrate the rotated Glu140-confA establishes a distance of 2.63 and 2.54 Å , respectively, to the chitobiose (Glu140 O "2chitobiose O1B). This distance is increased to 2.73 Å (in the structure at 0.3 mM substrate) or 2.70 Å (in the structure at 1 mM substrate) when Glu140 adopts the planar Glu140-confB conformation, indicating that the rotated conformation (Glu140-confA) favours cleavage of the substrate (Fig. 4d ). In this regard, a similar rotation of Glu140 has previously been detected in CHIT1 and AMCase complexes with allosamidin derivatives mimicking the intermediate (at a lower resolution than the previously mentioned CHIT1-chitobiose complex), meaning that Glu140 adopts this rotated position in the transition state (Fusetti et al., 2003; Olland et al., 2009 ). Altogether, our results suggest that upon substrate bending and twisting the catalytic glutamate also rotates to gain access to the glycosidic bond. Such a rotation would not be possible if Asp138 is in conformation B as it stabilizes the inner-side O atom O "2 of Glu140. Based on this analysis, we propose that the arrival and distortion of the À1 NAG displaces the water molecules which interact with Glu140 and Asp138 in the apo form. Thus, Glu140-confA should rotate when Asp138 adopts conformation A. The displacement of the water network leads to the loss of the dynamic equilibrium described in xx3.1 and 3.2 (Figs. 1d, 1e and 2b) which was limiting the mobility of Glu140. Hence, Glu140 is 'free' to rotate when Asp138 turns towards Asp136.
Overall, one can say that upon the arrival of substrate the 'apo' dynamic equilibrium is destabilized, allowing Glu140 to rotate so that the scissile O atom of the glycosidic bond is in an accessible position.
3.4. Structural analysis of the catalytic triad residues in the CHIT1-chitobiose structure reveals the coexistence of two enzymatic states in the same crystal form
Having highlighted the importance of the rotation of Glu140 in the process of hydrolysis, we next wanted to investigate its role in the substrate complex. We therefore studied the protonation state of the catalytic triad based on analysis of the carboxyl bond-length distances and QM/MM in CHIT1 complexed with chitobiose.
As previously mentioned, the chitobiose present in the CHIT1-chitobiose complexes obtained with 0.3 and 1 mM substrate shows a lower occupancy than the structure obtained with 2.5 mM substrate. The latter has a single conformation of Glu140, while in the other two structures Asp138 and Glu140 display double conformations, leading to a decrease in the electron-density peak for each conformation, and thereby increasing the average error for the conformation with lower occupancy. As a result, we could not determine the protonation pattern of Glu140-confA since this conformation did not reach more than 41% occupancy in all of the solved structures with chitobiose. This occupancy is not sufficient to obtain a low standard error using SHELXL refinement. Consequently, to overcome this problem we performed QM/MM calculations using the CHIT1-chitobiose structure obtained with 1 mM substrate, because this structure contains two conformations of Asp138 and Glu140. Therefore, this structure in combination with the QM/MM calculations allowed the determination of the charge of the catalytic triad when the conformation of Glu140 is rotated (Glu140-confA) and planar (Glu140-confB). Importantly, our QM/MM calculations have shown that the rotated Glu140-confB is protonated while Asp138-confA is deprotonated. This indicates that Asp138-confA transfers a proton to Glu140 before it flips towards Asp136 when deprotonated (see Supplementary Movie S1). Once Glu140 has been protonated, it rotates to gain access to the O atom of the scissile bond. In addition to the QM/MM analysis performed with the structure obtained using a 1 mM concentration of substrate, we performed an unrestrained refinement with SHELXL on the structure obtained using a research papers 2.5 mM concentration, as it represents the most accurate model of the post-hydrolysis state among our three structures (100% planar conformation of Glu140 and Asp138-confB as a dominant conformation at 89%; Table 2 ).
We then compared the SHELXL results for the protonation states of the CHIT1-chitobiose complex obtained at 2.5 mM substrate with the QM/MM calculations performed on this complex obtained at 1 mM substrate. Hence, the unrestrained refinement of the CHIT1-chitobiose structure obtained using 2.5 mM substrate shows that the planar conformation (equivalent to Glu140-confB in the other structures) has a C-O "1 bond length of 1.27 Å and a C-O "2 bond length of 1.24 AE 0.02 Å , indicating that both O atoms share the charge. On the other hand, Asp138-confB reveals a C-O 1 bond length of 1.33 AE 0.02 Å and a C-O 2 bond length of 1.19 Å , indicating that O 1 is protonated (Fig. 4e ). In this state, the Glu140-confB carboxyl side-chain O "1 is stabilized by the scissile O atom of the À1 NAG and forms a short hydrogen bond of 2.63 Å to it, while the other carboxyl O atom of Glu140-confB, O "2 , forms a strong hydrogen bond (2.50 Å ) to the O 1 of Asp138-confB ( Fig. 4e ). Even though the interatomic distance between the two O atoms (O "2 of Glu140-confB and O 1 of Asp138-confB) is similar between this and the pseudo-apo structure at 0.95 Å resolution, an important difference was revealed when we measured the carboxylate bond length of Glu140-confB (Table 2) . Thus, our results show that Glu140-confB in the CHIT1-chitobiose complex becomes charged under the condition of 2.5 mM substrate. In fact, the presence of such a short O "2 -O 1 interatomic distance and an ionic profile for Glu140 together with a protonated O atom in the C-O 1 bond of Asp138-confB prompt us to suggest that the short hydrogen bond between O "2 and O 2 is not an LBHB but a strong ionic hydrogen bond (SIHB; Meot-Ner, 2012) . Such a suggestion needs to be confirmed by neutron diffraction or NMR. Indeed, such strong unusual nonstandard short hydrogen bonds have recently been revealed by neutron crystallography in elastase and photoactive yellow protein (Yamaguchi et al., 2009; Tamada et al., 2009) . Regarding the 2.63 Å interatomic distance between Glu140 O "1 and O1 of chitobiose, it is not possible to determine whether it is an LBHB or an SIHB by X-ray crystallography. Nonetheless, we can propose that after a hydrolysis cycle the carboxylate of Glu140 becomes charged and bordered by two short hydrogen bonds on each side of its carboxylate.
To further support our data, we estimated the pK a of all of the polar residues within CHIT1 in both the apo-form and chitobiose-bound structures using the PROPKA server (http://propka.ki.ku.dk/; Table 2 ). When we compare the estimated pK a values for the Asp138 and Glu140 residues in the apo and the chitobiose-bound structures we obtain a ÁpK a of À4.74 for Asp138, while Glu140 shows a ÁpK a of +6.85. This significant pK a shift indicates that an inversion of the acid/base profiles of Glu140 and Asp138 occurs in the presence of the substrate. In fact, Glu140, which was acidic in the apo form, becomes basic in the presence of chitobiose, whereas Asp138, which was basic, is converted into an acidic residue. The decrease in the pK a of Asp138 in the presence of chitobiose is most likely owing to the formation of a hydrogen bond between the N-acetyl group of the À1 NAG moiety and the outer O atom of Asp138.
Altogether, the pK a shift which occurs upon the arrival of the substrate supports our notion that Asp138-confB transfers a proton to Glu140. This is then followed by flipping of Asp138 and rotation of Glu140 to gain access to and protonate the O atom of the glycosidic bond.
Detailed structural analysis sheds new light onto the hydrolytic step
All of the proposed hydrolysis mechanisms for GH18 chitinases have reported that after the cleavage of the glycosidic bond through its protonation by the catalytic glutamate (Glu140 in CHIT1) an oxazolinium-ion intermediate is generated and a water molecule is activated by the same catalytic glutamate (van Aalten et al., 2001; Songsiriritthigul et al., 2008; Tews et al., 1997; Papanikolau et al., 2001; Jitonnom et al., 2011 Jitonnom et al., , 2014 . According to these proposed hydrolysis models, during the activation of the hydrolytic water molecule the catalytic glutamate receives an H atom and the -OH group of the water molecule performs a nucleophilic attack on the anomeric C atom, leading to the reformation of the À1 NAG moiety with retention of the initial configuration (van Aalten et al., 2001; Songsiriritthigul et al., 2008) . In contrast to the generally accepted mechanism, our results show that after hydrolysis Glu140 is ionic and forms a hydrogen bond to the acquired -OH on the anomeric carbon C1. This leads us to believe that the activation of the hydrolytic water might have not been carried out by Glu140 since Glu140 is not protonated as a result of the catalysis. Even though the deprotonation of Glu140 could be explained by the fact that the reaction occurred on a short substrate containing three sugar units, the product chitobiose could simply dissociate from the active site and then re-enter it, and Glu140 would simply release its proton to the bulk water in the process. We can therefore still hypothesize that another residue could participate in the activation of the hydrolytic water molecule. One candidate residue for this task is probably Asp213, which is located opposite to Glu140 and possesses an outer O atom forming a short contact with the water molecule (w300) (Figs. 5a, 5b occurs in the apo form and in the presence of chitobiose, where it forms a hydrogen bond to -O6H of the À1 NAG moiety. However, when we superimposed a long-chain NAG polymer in subsites À4 to +2 based on the crystal structure of mutant ChiA, the active site of which is highly similar to that of CHIT1, w300 overlaps with the +1 NAG. This means that upon the sliding of the substrate to the +1 and +2 subsites it displaces this water molecule which was present in the apo form, whereas after the cleavage this water molecule regains its +1 position and is stabilized by Asp213 after the displacement of the aglycon. It is worth noting that Asp213 is highly conserved in GH18 chitinases and its stabilization of the water molecule (w300) also appears in the crystal structure of chitinase D from S. proteamaculans at 1.49 Å resolution (Madhuprakash et al., 2013) . In ChiB from S. marcescens, mutation of Asp215 (Asp213 in CHIT1) to alanine resulted in mild activity of this enzyme and to an acidic shift in its pH optimum (Synstad et al., 2004) . Strikingly, several studies have demonstrated that the mutation of the equivalent Asp213 to an alanine is deleterious for the chitinase activity (Synstad et al., 2004; Papanikolau et al., 2001) . Taken together, these data suggest that the activation of the water molecule might not be performed by the catalytic glutamate (as it becomes charged after a full hydrolysis cycle) but by another residue, which could be Asp213 in CHIT1.
A new scenario for the processive hydrolysis
Based on the analysis of the different observed occupancies, hydrogen bonds and C-O bond lengths as well as QM/MM calculations, we have joined it to the scenario of the hydrolysis reaction linked to the enzymatic processivity of CHIT1. The mechanism that we suggest consists of the following:
(i) In the apo form of CHIT1, a dynamic equilibrium is established within the catalytic triad together with Tyr27, allowing the storage of the catalytic proton by a flipping conformational change of Asp138 as well as a back-and-forth movement of the water molecules W214 and W429 (Fig. 6a ).
(ii) Upon arrival of the substrate, the water molecules in the binding site are displaced and owing to the loss of the dynamic equilibrium as well as the shift in the pK a , Asp138 transfers a proton to Glu140 and, once deprotonated, turns towards Asp136 (Fig. 6b) . Simultaneously, Glu140 rotates towards the twisted glycosidic bond and owing to the elevation in its pK a Glu140 protonates the scissile O atom, leading to the formation of the oxazolinium-ion intermediate (Figs. 6c and 6d ). This is accompanied by the displacement of the aglycon sugar, which allows the hydrolytic water molecule to access the vicinity of the active site ( Fig. 6d ). At this point, after receiving a new proton from Asp136, Asp138 turns towards Glu140, stabilizing its rotated conformation in a planar conformation by an SIHB and establishes a hydrogen bond to the N atom of the N-acetyl group in the À1 NAG moiety (Figs. 6b, 6c and  6d) .
(iii) A nucleophilic residue (probably Asp213) activates the hydrolytic water molecule, which in turn performs a nucleophilic attack on the anomeric C atom C1 of the intermediate ion, leading to formation of the À1 NAG with retention of its configuration (Fig. 6e) .
(iv) A hydrolysis cycle is completed at this point and the substrate slides along the enzyme. During the substrate sliding, the À2 NAG arrives at the À1 subsite, resulting in an unproductive binding as the N-acetyl group is placed in the opposite direction to the catalytic triad. This allows Asp138 to transfer the proton which was stocked between O "2 and O 2 via an SIHB to Glu140. Moreover, as the outer O atom O 2 of Asp138 is not stabilized by the N-acetyl group, this residue can now flip towards Asp136, acquire a new proton and turn again towards Glu140 to continue a new hydrolysis cycle as described in (ii). The energy landscape of this mechanism has been calculated by a steered dynamics calculation including quantum modelling which proceeded through the steps of the reaction.
This process repeats itself during the hydrolysis of the chitin chain. Consequently, the flipping conformational change of Asp138 in the apo form is important for storage of the proton, where it swings the proton. However, in the presence of a substrate chain it functions as a shuttle of the proton from Tyr27 and Asp136 to Glu140. The repeating cycle in the processive hydrolysis involving many amino acids brings to mind that this enzyme processes the chitin chain according to a 'Fordist model'.
Detection of product in the catalytic groove provides insight into the transglycosylation mechanism
The detection of chitobiose in the CHIT1 active site is not surprising as it has previously also been detected by soaking crystals of CHIT1 itself (Fusetti et al., 2002) or other native bacterial GH18 chitinases with chito-oligosaccharides (Malecki et al., 2013; Perrakis et al., 1994) . The presence of chitobiose in the catalytic groove could be explained by the stacking interactions made by two tryptophans (Trp31, which is found in the À3 and À2 subsites, and Trp358 in the À1 subsite) as well as hydrogen-bond contacts with polar residues and water molecules in the binding site ( Figs. 5b and 5c ). Consistently, the in-depth studies conducted by Eide et al. (2012) have also shown a high binding affinity for NAG moieties in the À2 and À1 subsites of CHIT1. Moreover, CHIT1 is known to be processive, as are other bacterial GH18 chitinases. Parenthetically, the equivalents of Trp31 and Trp358 in other GH18 chitinases are key residues that are relevant to ensuring the processive capacity of these enzymes. For example, mutation of Trp137 in chitinase A (Trp31 in CHIT1) of S. marcescens has been reported to strongly affect processivity (Zakariassen et al., 2009) . Therefore, it is believed that the presence of such trytophans in the binding site is important to prevent the chito-oligosaccharide chain from leaving processive GH18 chitinases, thereby allowing the polymer to slide along these enzymes. On the other hand, it is known that chito-oligomer substrates have a successive alternation of the N-acetyl group position as each NAG unit is rotated by 180 ( Fig. 5b) in relation to the next. Thus, the sliding of two NAG units is sufficient to obtain an N-acetyl group accommodated in the research papers À1 subsite on the side of the catalytic triad. Once accommodated, this fulfills the condition for the substrate-assisted mechanism to be carried out, thereby leading to cleavage of the glycosidic bond. As a result, the products of processive hydrolysis are disaccharides. Given that CHIT1 cleaves by dimers, chitobiose is the last cleavage unit which cannot be further cleaved nor slide as it is stabilized by interactions along the dimer. Hence, the fact that we obtained the CHIT1chitobiose complex not by soaking but by long-duration cocrystallization experiments (four weeks) together with the observation that the chitobiose occupancy increases proportionally to the substrate concentration makes us suggest that the CHIT1-chitobiose complex is a relatively stable complex. We propose that the high affinity of the À2 and À1 subsites, which causes a relatively high stability of the dimeric product (chitobiose) in the catalytic groove, blocks the Àn subsite and thus represents the basis for a lowsaturation enzymatic capacity. Furthermore, CHIT1 is known to display a high affinity for NAG moieties at the +n subsite owing to the presence of aromatic residues (Trp99, Trp218 and Tyr190; Fig. 5d ). This suggests that a combination of both the obstruction at the Àn subsites with the high substrate affinity at the +n subsites turns these subsites into substrate acceptors. After substrate cleavage and since the catalytic groove is obstructed by the intermediate oxazolinium at the Àn subsite, either the returning aglycon or another chito-oligosaccharide can be positioned at the +n subsite as a new substrate. This lies at the foundation of the re-polymerization phenomenon known as transglycosylation (Taira et al., 2010; Zakariassen et al., 2011) when instead of a water molecule an alcohol attacks the anomeric C atom of the intermediate. Together, these data provide further structural insight into the previously reported high transglycosylation rate of CHIT1 (Aguilera et al., 2003) .
Conclusion
In this study, and for the first time, we report subatomic resolution structures of the apo form of CHIT1 and its complex with chitobiose by means of X-ray crystallography.
We have extended our study to the protonation state of the catalytic residues by the combined use of partially unrestrained refinement with SHELXL full-matrix least-squares refinement and QM/MM calculations, which have revealed new insights regarding the catalytic mechanism of the hydrolysis reaction in CHIT1, the main features of which are conserved in the GH18 chitinase family. Indeed, we provide new findings regarding the role of Asp138 as a swing in the apo form and as a proton shuttle during hydrolysis. Strikingly and in contrast to what was previously assumed, our study of the protonation state of the key catalytic residue Glu140 reveals that the outer O atom of Glu140 is deprotonated in the apo form and adopts an ionic state after hydrolysis. Furthermore, our investigation into the geometry of Glu140 showed for the first time a rotation that liberates Glu140 from Asp138 and therefore allows the protonated O atom to better access the glycosidic bond and to cleave it. Importantly, we indicate a shift in the type of hydrogen bond established between Asp138 and Glu140 from an LBHB in the apo form to an SIHB in the complex with chitobiose, which could be important to maintain the ability to perform many hydrolytic cycles. Moreover, our results underline the lowbarrier phenomenon of proton sharing taking place between Tyr27 together with Asp136 and Asp138 in the apo form for proton storage. In addition, our findings highlight the putative role of Tyr27 and Asp136 in 'supplying' protons to Asp138 thanks to a low energy barrier for proton translocation between these three residues during the hydrolysis cycle. Besides providing a deeper understanding of the hydrolytic mechanism, our structures of the CHIT1-chitobiose complex have provided additional insights regarding the structural basis of the high rate of transglycosylation in CHIT1. Finally, this work offers the perspective of conducting joint atomic X-ray plus neutron diffraction studies to obtain further insight into our newly proposed CHIT1 catalytic mechanism. Overall, the data presented here provide new structural knowledge which could serve as a basis for the design of more specific and powerful inhibitors of CHIT1 and GH18 chitinases.
